The linotte (lio) mutant was first isolated as a memory mutant. The lio gene encodes a putative receptor tyrosine kinase (RTK), homologous to the human protein RYK. This gene has been independently identified in a screen for embryonic nervous system axonal guidance defects and called derailed (drl). Here, we report that linotte mutants present structural brain defects in the adult central complex (CX) and mushroom bodies (MB). linotte and derailed are allelic for this phenotype, which can be rescued by a drl + transgene. The Lio RTK is expressed preferentially in the adult CX and MB. Our results suggest that, analogous to its role within the embryonic nervous system, the Lio RTK is involved in neuronal pathway selection during adult brain development.
Introduction
The Drosophila mushroom bodies (MB) are a pair of conspicuous neuropile structures of the median protocerebrum. Each neuropile substructure consists of about 2500 intrinsic neurones called Kenyon cells (KCs) . The clustered and relatively small cell bodies of these neurones reside in the dorso-posterior cortex of each hemisphere. These neurones send their dendritic processes ventrally to terminate in a large neuropile region called the calyx. These processes form glomerulus-like arborizations that are postsynaptic elements and receive afferent signals from olfactory (collaterals of the antennal glomerular tract) and other sensory modalities (Power, 1943; Strausfeld, 1976; Stocker et al., 1990) . Beneath each calyx, the KC axons converge and project together as tightly packed arrays of thin parallel fibers: they form a large bundle -the peduncle -that extends anteriorly and slightly ventrally through the whole brain. Near the anterior margin of neuropile, most of the axons divide and continue in two general directions, sending one branch towards the midline, the other one upwards: they form two medially projecting lobes (b and g) and two dorsally projecting lobes (a and a′). Thus, each MB neuropile consists of a stalk system with three arms in each hemisphere (peduncle, a and a′ lobes, b and g lobes), that are oriented roughly parallel to the three main axes of the fly. The MB neuropile structures of the two hemispheres are arranged in mirror symmetry to the sagittal mid-plane.
In bees and flies, compelling evidence now indicates that the MB play a crucial role in the important processes of olfactory learning and the formation and storage of memories (Davis, 1993; Hammer and Menzel, 1995; Davis and Han, 1996) . In the fruit fly Drosophila melanogaster, chemical ablation of MB neuroblasts during early larval development depletes the adult brain of MB intrinsic neurones and abolishes olfactory learning (De Belle and Heisenberg, 1994) . Single gene mutations that cause structural defects in the MB, mushroom bodies miniature (mbm) and mushroom bodies deranged (mbd) have been shown to interfere sig- Mechanisms of Development 78 (1998) [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] 0925-4773/98/$ -see front matter © 1998 Elsevier Science Ireland Ltd. All rights reserved PII S0925-4773(98) nificantly with olfactory associative learning (Heisenberg et al., 1985; De Belle and Heisenberg, 1996) .
The advanced genetics of Drosophila has provided a powerful tool for extending our understanding of the MB organization and development. The P[GAL4] enhancer-trap technique (Brand and Perrimon, 1993) has been used to visualize selectively the axonal processes of KCs and to reveal a previously unknown structural complexity within the MB. It was found that the KCs are heterogeneous with respect to gene expression patterns: different GAL4 lines display reporter expression patterns in specific, distinct and various subsets of KCs, and consequently identify anatomical subdivisions within the MB Ito et al., 1997) . In particular, it has been shown that particular subsets of KCs, defined by independent gene expression characteristics, have discrete projection patterns within the peduncle that segregate to characteristic regions of the lobes. KC axons appear to be organized concentrically in the peduncle, with four symmetrically arranged discrete fiber bundles surrounded by one or more outer rings. The axons forming the quartet of fiber tracts internal to the peduncle project in the a and b lobes and the axons forming the circumference of the peduncle project in the g lobe, the a′ lobe and the spur. This anatomical complexity of the adult MB could account for the diverse behavioral and computational properties of the MB. A possible functional significance of this internal subdivision of the MB is now emerging (O'Dell et al., 1995; Connolly et al., 1996) .
Another conspicuous feature of the insect brain is the central complex (CX), whose neuropilar organization is remarkably conserved across insect species (Williams, 1975; Hanesch et al., 1989; Wegerhoff et al., 1996) . The central complex is a highly ordered structure located at the center of the brain, at the junction between the two protocerebral hemispheres, just above the oesophagus. It is flanked laterally by the peduncles of the mushroom bodies and by the two antenno-glomerular tracts. Dorsally, it reaches the pars intercerebralis and frontally the median bundle and the b lobes of the MB.
The CX proper is composed of four neuropilar regions (Hanesch et al., 1989) : the protocerebral bridge, the fanshaped body, the ellipsoid body and the noduli. These four substructures are composed of tangential 'large-field' neurons forming parallel strata within each substructure and are interconnected by complex sets of columnar 'smallfield' interneurons forming regular projection patterns. These give the CX the appearance of a repetitive and modular architecture. Detailed accounts of the neuronal architecture have been given for Schistocerca by Williams (1975) , for Musca by Strausfeld (1976) and for Drosophila by Hanesch et al. (1989) .
Two general functions have been proposed for the CX on the basis of neuroanatomical considerations (Hanesch et al., 1989) , data from surgery and electrical stimulation (reviewed in Homberg, 1987) and data from genetic dissection (Heisenberg, 1994) : control of behavioral activity, with its initiation and regulation, and integration of data between the right and left hemispheres of the brain.
The linotte (lio) mutant was isolated on the basis of its learning and memory deficit (Dura et al., 1993) . The lio gene encodes a putative receptor tyrosine kinase (RTK), homologous to the human protein RYK (Dura et al., 1995) . This RTK gene has been independently identified in a screen for embryonic nervous system axonal guidance defects and has been called derailed (drl) (Callahan et al., 1995) . Here, we report that linotte mutants present structural defects in the adult CX and MB, and that linotte and derailed are allelic for this adult anatomical phenotype. We also show that the Lio RTK is expressed preferentially in the adult CX and MB. Finally, the lack of the Lio RTK gene is responsible for this anatomical phenotype since it can be rescued by a drl + transgene. Furthermore, the MB defect can be rescued by targeted expression of lio RTK gene in the developing MB, indicating that the expression of the Lio RTK is required in the MB cells for their proper development. Our results suggest that, analogous to its role within the embryonic nervous system, the Lio RTK is involved in neuronal pathway selection during adult brain development.
Results
The linotte 1 (lio 1 ) mutant was derived from a PlacW transposon mutagenesis and was screened for three-hour memory deficits after classical conditioning of an olfactory avoidance response. For this olfactory conditioning protocol, the lio 1 mutant displays about 45-50% reduction of the 30-min retention compared to Canton-S control flies (Dura et al., 1993) . The P element is inserted in the 5′ non-coding region of a 3.2 kb mRNA encoding transcription unit. Sequence analyses indicate that it encodes a putative receptor tyrosine kinase (RTK), homologous to the human protein RYK (Dura et al., 1995) . The linotte 2 (lio 2 ) mutant was obtained by imprecise excision of the P element. This mutation removes the 5′ regulatory sequences of the RTK gene, together with the first exon. The lio 2 mutation is amorphic for the RTK gene (Dura et al., 1995) . The lio 2 mutant displays a more severe memory deficit than the lio 1 mutant, with a 60% decrease of their 30-min memory compared to Canton-S control flies (Dura et al., 1995) . This indicates that the lio 1 mutation is hypomorphic.
linotte flies present structural defects in the adult CX and MB
The fan-shaped body is the most prominent substructure of the CX, located at the center of the brain, dorsal to the noduli and posterior to the ellipsoid body (Hanesch et al., 1989) . The top of the superior arch of the fan-shaped body is in contact with the perikarya: at the junction between the two hemispheres, the cellular cortex curves inward until a cluster of cells, which are cells of the pars intercerebralis, reaches the top of the fan-shaped body in its median part; the neuropiles of the dorsal protocerebrum of each hemisphere thus are prevented from crossing the midline at this level (Fig. 1A) .
In lio 2 mutants, we observe, on consecutive frontal head sections through the fan-shaped body, that the fan-shaped body is distorted on its dorsal side; it loses its fan-shapedlike structure and appears flattened at the top. At the junction between the two hemispheres, the perikarya do not reach the top of the fan-shaped body and fibers of the dorsal protocerebrum of each hemisphere abnormally cross the midline at this level (Fig. 1C) . In some individuals, the fan-shaped body appears slightly flattened at the top compared to wild-type. Though the cellular cortex at the inter-hemispheric junction still curves inward toward the fan-shaped body and a cluster of cell bodies still reaches the top of the fan-shaped body, the number of cell bodies in this cluster can be strongly reduced (Fig. 1B) . For the strongest phenotypes, some sections at the level of the fan-shaped body show that these cell bodies failed to reach the fan-shaped body.
In wild-type flies, the axons of the MB cells form several lobes in the anterior part of the brain, with the a and a′ lobes running dorsally and the b and g lobes running medially (Ito et al., 1997) . The b and g lobes of each hemisphere are separated at the midline by a large fascicle of fibers, the median bundle (Fig. 1E) .
In lio 2 flies, fibers of the b lobes of each hemisphere abnormally cross the midline and the b lobes appear completely fused across the midline. The b lobes are also deformed and thickened. This phenotype is displayed by all lio 2 adults (Fig. 1G) . The g lobes also present fusion defects, but the phenotype is more variable and is more difficult to observe on paraffin frontal sections, due to the complex and bulbous shape of these lobes. A partial fusion of these lobes is often observed: the most posterior fibers that are dorsal and parallel to the fibers of the b lobes are usually fused across the midline (Fig. 1G) ; the anterior fibers, which constitute the bulbous part of the g lobes, are usually not fused. For the strongest phenotypes, both g and b lobes are completely fused and they are so deformed that it is not possible to distinguish them. Finally, the a and a′ lobes are also affected by the lio 2 mutation: for the strongest phenotypes, a complete loss of the fibers of the a and a′ lobes is observed. For the other cases, though it is difficult to differentiate these two lobes on paraffin frontal sections, it seems that only fibers from the a′ lobes remain, as they can be recognized by their peculiar curved shape and the fact that they are continuous with the g lobe fibers.
For the lio 1 mutation, an intermediate phenotype between wild-type and lio 2 is observed. In about 70% of the individuals, a partial fusion of the b lobes is observed (Fig. 1F): the most posterior fibers (corresponding to planes of section through the b lobes just anterior to the ellipsoid body), cross the midline and the b lobes appear fused; while in more anterior planes of section the b lobes are separated at the midline.
Use of MB enhancer-trap lines to analyze the lio MB defects
We used the P[GAL4] enhancer-trap technique (Brand and Perrimon, 1993) to analyze more precisely how specific substructures of the MB were affected in linotte mutants. We used two different lines, c739 and 201Y, in which GAL4-directed b-galactosidase (b-gal) expression reveals different sub-components of the adult MB .
In line c739, GAL4-directed b-gal expression in the MB in wild-type flies reveals four distinct median tracts of axons that converge within the peduncle before diverging in the anterior part of the brain into substantial a and b lobes ( Fig. 2A) . There is no staining of g lobes, which is correlated with absence of staining in the outer ring within the peduncle . In lio 2 brains, staining corresponding to the b lobes shows a complete fusion of neuronal processes that compose them right across the midline, as previously seen on the paraffin sections. The b lobes also appear enlarged and deformed (Fig. 2C ). More strikingly, staining corresponding to the a lobe is completely abolished (Fig. 2C ). This clearly confirms the absence of a lobes which was difficult to reveal by analysis of paraffin sections. The fusion of the b lobes and the loss of the a lobes are observed in all lio 2 individuals. The lio 1 phenotype is intermediate between wild-type and lio 2 : for some individuals, the b lobes are not fused and for others there is a partial fusion of the b lobes (Fig. 2B) . We compared GAL4-directed GFP expression of the c739 line, in whole-mount adult brain, in wild-type, lio 1 and lio 2 backgrounds ( Fig. 2D-F) . lio 1 individuals also display an a lobe phenotype: in some individuals, the a lobes appear thinner than in wild-type flies, which suggests that fibers are missing in these lobes (Fig. 2E) . The a lobe phenotype is variable in strength, with a lobes being more or less affected depending on the individuals.
In line 201Y, GAL4-directed b-gal expression reveals four median fiber tracts and an outer ring within the peduncle, which are respectively continuous with axial elements of a and b lobes, and with components of g lobes . Line 201Y shows staining in a thin component of a and b lobes and an extensive staining in g lobes (Fig. 2G ).
In lio 2 mutants, we observed that staining in the a lobes is abolished and that the b lobes appear completely fused (Fig.  2H,I ). The prominent g lobes display a variable phenotype: for some lio 2 individuals, the g lobes are not affected (Fig.  2H) ; for others, the g lobes appear to be partially or completely fused (Fig. 2I ). Calyces and peduncle are apparently not affected in lio 2 mutants (data not shown). 
Brain phenotype defines an allelic series of linotte mutations
Different combinations of lio alleles were tested for their brain phenotypes. From observations of paraffin head sections, it appeared that the different mutant genotypes display the same kind of brain defects, but with different strengths. From Fig. 3 , it appears that the different combinations of lio alleles can be ordered according to their strength of brain defects. This scale goes from the wild-type phenotype to lio 2 /lio 2 phenotype in the following series of genotypes:
. This defines a clear allelic series of lio mutations for this brain phenotype.
linotte and derailed mutations are allelic for the adult brain phenotype
Another P element insertion, within the same RTK gene, has been independently isolated in a screen for embryonic nervous system defects (Callahan et al., 1995) . This RTK gene has been called derailed (drl) by these authors and linotte by ourselves (Dura et al., 1993 (Dura et al., , 1995 . In embryos, the RTK gene has been shown to be required for neuronal pathway selection as well as for muscle attachment site selection (Callahan et al., 1995 (Callahan et al., , 1996 .
The drl P3.765 P insertion (called here drl P ) has been shown to be located in close proximity to the lio 1 P insertion (Callahan et al., 1995; Dura et al., 1995) , in the 5′ end of the RTK transcription unit. We compared the DNA sequences flanking both sides of the two P elements. We have determined that these two P elements are inserted at exactly the same nucleotide. Thus, the mutations caused by these two P elements are likely to be allelic. The (+) class corresponds to a normal fan-shaped body, attained at the top by a large cluster of cell bodies of the pars intercerebralis; the intermediate class (±) corresponds to a slightly deformed fan-shaped body, in contact with a notably reduced cluster of cell bodies at the midline; the (−) class corresponds to a completely flattened fan-shaped body, with no cell bodies reaching the top of the fan-shaped body at the midline. the RTK coding sequence (Callahan et al., 1995) . In order to know whether the drl mutations also produce lio adult brain phenotype, adult brain structure of drl mutants was studied. We made paraffin frontal head sections of flies with the following genotypes: Fig. 1D,  H; Fig. 3 This raises the possibility that the Lio RTK could participate in a mechanism for the formation of the adult brain analogous to its role in axon pathway selection within the embryonic nervous system.
The linotte RTK gene is preferentially expressed in the adult MB and CX
Using an antibody against the Lio RTK extracellular domain (Callahan et al., 1995) , no expression is detected by immunostaining in the adult brain (data not shown). However, linotte RTK cDNAs have been isolated by screening an adult head library, which implies that the lio transcript, even if it is rare, is present in adult flies (Dura et al., 1995) .
In order to have a reliable way of detecting linotte expression in the adult brain, we generated a P replacement between the original P element (PlacW) and a P element containing GAL4 sequences (PGawB). This GAL4 line, called lio
PGAL8
, allows us to drive the expression of any desired gene, following a pattern that reflects the lio RTK expression.
In third instar larvae, two areas of lio RTK expression are revealed in the central nervous system (CNS): the optic ganglion primordium, and a small cluster of cells at the inter-hemispheric region. Third instar larvae from a cross between the lio PGAL8 line and a line containing a UAS-lacZ transgene express the b-galactosidase (b-gal) in their CNS, in a pattern similar to that of lio RTK RNA expression, indicating that the GAL4 expression does indeed reflect the expression of the lio RTK gene (data not shown).
We looked at the GAL4-directed b-gal expression pattern in lio PGAL8 /+ adult brain. The lacZ reporter gene gives a cytoplasmic expression, which allows us to follow all the subcellular compartments that express GAL4. Strikingly, we observe a preferential expression of the reporter gene in the MB and CX (Fig. 4) . There is also a strong expression in the optic lobes and a weaker expression in many other substructures in the brain. In the CX, we observe expression at the level of the fan-shaped body in the superior arch. There is also a strong expression in the cell body cluster, which is in contact with the top of the fan-shaped body at the junction between the two hemispheres (Fig. 4A) . In the MB, we observe staining in the entire volume of the MB, from the KC body layer to the tips of the lobes. At the level of the lobes, we observe intense staining in the a and b lobes.
Staining is restricted to the circumferential elements of the lobes. There is also a weaker staining in a sub-component of the g lobes, which corresponds to the most posterior fibers of the g lobe, dorsal and parallel to the b lobe (Fig. 4C ). In conclusion, we observe preferential reporter expression in the particular brain structures that are affected by the lio mutations.
We 
/lio
2 adult flies present anatomical defects in the MB and the CX. At the level of the CX, we observe staining in the dorsal part of the fanshaped body which appears flattened and, at the inter-hemispheric junction, in the cell bodies in contact to the top of the fan-shaped body whose number appears to be clearly reduced (Fig. 4B) . At the level of the MB, axons of the b lobes expressing the reporter gene abnormally cross the midline: staining in the b lobes from both hemispheres shows them to be fused and deformed (Fig. 4D ). This clearly indicates that the neurons that normally express the Lio RTK in the CX and MB present developmental defects in lio mutants. In particular, neurons expressing the Lio RTK in the MB exhibit pathfinding defects.
The lack of the RTK gene is responsible for lio adult brain defects
To verify that loss of RTK function causes the adult brain defects in lio mutants, we attempted to rescue this structural phenotype by targeted expression of a UAS-RTK cDNA transgene (Callahan et al., 1996) . In particular, we used the GAL4 enhancer-trap line 7B to drive RTK expression. In this line, GAL4 is expressed in the whole developing CNS, with a preferential expression in the MB and in the antennal lobes, from third instar larvae to adult (not shown and Ferveur et al., 1995) . We have rescued null lio mutant brain defects with 7B GAL4-mediated expression of the Lio RTK. The lio 2 /drl R , UAS-RTK; 7B/+ flies show nearly complete rescue of both CX and MB phenotype, as observed in paraffin frontal sections (Fig. 5) (Fig. 6) . Loss of the Lio RTK function is thus also responsible for the lio 1 adult brain phenotype. To begin to address the question of where the lio RTK gene is required during development of the adult brain, we expressed it more specifically in the MB using the enhancertrap line c739 (Yang et al., 1995, and see above) . lio 2 , c739/ drl R , UAS-RTK flies show partial rescue of the MB pheno-type (Fig. 5) . We have checked that lio 2 flies carrying c739 alone show a phenotype identical to lio 2 homozygous flies. This result suggests that expression of the RTK in the intrinsic MB cells is at least in part required for their proper development, and in particular, for the proper routing of their axons.
Discussion
In contrast to embryonic neural development, postembryonic development of the Drosophila central nervous system is not well understood (Truman et al., 1993) . In particular, despite the prominence of structures such as the CX or the MB in the brain and their obvious role in insect behavior, little is known about the molecular mechanisms and genes involved in the development of these complex brain structures. Moreover, though the cellular mechanisms of MB development are now relatively well documented (Technau and Heisenberg, 1982; Ito et al., 1997; Tettamanti et al., 1997) , such a description is clearly missing for the CX.
In this study, we report that the lio RTK gene is involved in adult brain development. The lio mutants, which have previously been shown to display learning and memory deficits, present structural defects in the adult CX and MB.
The hypomorphic allele lio 1 displays an intermediate phenotype between wild-type and lio 2 , as is the case for the behavioral phenotype. The drl mutations, drl P and drl R , which have been shown to affect the same RTK gene, also lead to the same CX and MB structural defects and are allelic to lio mutations for this adult central brain phenotype. Moreover, the different combinations of lio alleles all display the same kind of brain defects, but with different strengths. They can be ordered according to the strength of defect induced and define a clear allelic series of lio mutations for this brain phenotype. The strength of brain defect , respectively. Strong expression in the circumferential elements of the a and b lobes, and a weak expression in a subcomponent of g lobes is observed for both genotypes. In lio PGAL8 /lio 2 flies, the cells expressing the reporter display defects in the CX (arrowhead) and in the MB (arrow), typical of lio mutants. The a lobes are out of plane for lio PGAL8 /lio 2 . a, a lobes; b, b lobes; g, g lobes. Scale bar = 0.1 mm.
could therefore be correlated with the available quantity of lio gene product. Finally, the loss of the lio RTK gene function is directly responsible for the hypomorphic lio 1 and null (lio 2 or drl R ) mutant CX and MB defects since both adult brain phenotypes can be rescued by targeted expression of the RTK gene in the developing central brain. Misexpression in cells that normally do not express the lio RTK gene does not cause any additional visible structural defects. This may be due to a lack of competence of inappropriate cells to Fig. 5 . Rescue of linotte null mutant adult brain defect by targeted expression of the lio RTK gene. For each genotype, 7-mm frontal head paraffin sections were performed and analyzed as described in Fig. 3. (A) respond to the lio RTK signal, or may reflect a restricted localization of the ligand. A similar observation has been made for the rescue by the RTK gene of drl embryonic muscle defects (Callahan et al., 1996) . Several mutations affecting the morphology of the adult central brain have been described (Heisenberg and Böhl, 1979; Strauss and Heisenberg, 1993) . The existence of these mutants suggests that the activity of specific genes is required for adult brain formation, but the actual molecular mechanisms involved remain largely unknown, in part because very few of these genes have been cloned. In several central brain mutants, the MB and/or the CX are severely and rather specifically disturbed. It is interesting to note that, as in the case of lio mutation, all the mutations Fig. 6 . Rescue of lio 1 mutant adult brain defects by targeted expression of the lio RTK gene. For each genotype, 7-mm frontal head paraffin sections were performed and analyzed as described in Fig. 3. (A) known to affect the MB affect also the CX (De Belle and Heisenberg, 1996) . This indicates that these two structures are somehow genetically associated. The identification of the genes affected by these mutations and the analysis of the role of such genes, and in particular of the lio RTK gene, in building these complex neuronal structures, should help us to understand the molecular and genetic mechanisms that underlie their development. Following a procedure in which flies associate an odour with electric shocks, lio mutants show a clear learning and memory defect. Most of the structural brain mutants are also defective in olfactory learning and memory (Heisenberg et al., 1985; De Belle and Heisenberg, 1996) . The MB and possibly the CX are known to be involved in learning and memory (Heisenberg, 1994) . Finally, there is a correlation between the strength of brain defects and the strength of learning and memory defects in lio mutants. An obvious hypothesis is that the learning and memory defect of lio mutants is a consequence of abnormal brain development, and in particular of the structural anomalies at the level of the MB and possibly of the CX.
Mutations in the lio gene result in abnormal routing of fibers at the level of the MB and also likely of the CX. But the specific roles of the lio RTK gene in adult brain formation remain to be determined. Such defects could be due to abnormal proliferation or differentiation of neuronal progeny of the neuroblasts during embryonic or larval life. They also could be due to a defect in cell death or cell migration. Alternatively, axonal guidance might be affected during development, and in particular during pupation.
The lio RTK gene has been shown to be involved in axon guidance in a subset of embryonic neurons in the ventral nerve cord (Callahan et al., 1995) . In drl mutant embryos, the RTK-expressing neurons fail to extend along their appropriate pathways, suggesting that the RTK is an essential component in the recognition between growing neurons and their pathways. It has been proposed that the RTK is involved in the regulation of axonal fasciculation (Callahan et al., 1995) . We therefore suggest that the lio RTK gene is involved in axon guidance during adult brain development, just as it plays a role in neuronal pathway recognition within the embryonic nervous system. The use of GAL4 lines allowed us to analyze more precisely how the different substructures of the MB were affected in lio mutants and to show that the defects observed in the MB correspond to guidance defects of fibers composing the MB, the fibers giving rise to the a and b lobes being the most affected.
In wild-type flies, the a and b lobes probably constitute the two projection domains of the same axons of the median fascicle within the peduncle (Ito et al., 1997; Yang et al., 1995) . When these axons reach the anterior part of the brain, they face a typical 'choice point' problem and have to make decisions: they must change their direction of growth and have to divide into two fibers, one projecting upwards in the a lobe and one projecting toward the midline in the b lobe.
In lio mutants, these axons fail to find the route toward the a lobe when they reach the anterior part of the brain. The only projection of growth becomes the b/g direction.
In wild-type flies, when the axons of the b lobe arrive at the midline, they normally stop at the level of the median bundle. In lio mutants, instead of stopping, they continue to grow, and so the axons of the b lobes cross each other. The b lobes are fused across the midline and appear defasciculated. We do not know to what extent they interpenetrate.
It seems likely that the a and b lobe phenotypes are correlated in linotte mutants. Further analyses of the lio − genetic background, such as Golgi staining of individual neurons or a clonal analysis of the MB cells, as described in Ito et al. (1997) , should help us to interpret these phenotypes.
The interpretation of the CX phenotype in terms of axonal guidance is less obvious, and thus remains largely hypothetical. In lio mutants, the fan-shaped body is distorted on its dorsal part and appears flattened. At the junction between the two hemispheres and just dorsal to the fan-shaped body, fibers from the dorsal protocerebrum of each hemisphere abnormally cross the midline. These defects may correspond to an altered projection pattern of fibers forming the superior part of the fan-shaped body such as, for instance, fibers from the Horizontal Fiber System or the Vertical Fiber System (Hanesch et al., 1989) . Alternatively, this defect may be a consequence of abnormal projections across the midline of fibers just dorsal to the fan-shaped body. The circuitry of the CX is much more complex and has been less studied than the circuitry of the MB. Although isomorphic sets of fibers have been described in the CX (such as the Horizontal Fiber System or the Vertical Fiber System), no simple rule can describe the neuroarchitecture of the CX in terms of fiber projections (Hanesch et al., 1989) . Further studies on the development of this structure should help us to understand this phenotype.
To understand the specific role of the Lio RTK in the development of the adult MB, it is important to know where lio gene expression is required for proper development of the MB.
The expression pattern of the P[GAL4] insertion in the lio locus (lio
PGAL8
) reveals a preferential expression in the particular substructures of the CX and the MB which are affected in lio mutants. This suggests that the lio RTK gene expression is required intrinsically in these structures for their proper development. This role of lio RTK gene would then be similar to its role within the embryonic nervous system. In drl mutants, the neurons that normally express the RTK fail to recognize their appropriate target pathways (Callahan et al., 1995) .
Moreover, a partial rescue of the MB phenotype was obtained with targeted expression of the RTK gene in the developing MB by the MB-specific P[GAL4] line c739 . The fact that we obtained a partial rescue may be due either to an insufficient expression of the RTK in the MB cells, or to the fact that expression of RTK is required in some MB fibers where GAL4 is not expressed or also outside the MB. This result provides further evidence that lio gene expression in the intrinsic MB cells is at least in part required for their proper development.
The a and b lobe substructures, because of their relative simplicity, could serve as a model system for the study of the mechanisms of axonal guidance during adult brain development and for the search of genes involved in these mechanisms. In particular, the analysis of the role of the lio gene building these axon pathways in the MB will help to investigate these mechanisms.
Experimental procedures

Fly strains
All strains were maintained on standard medium food at 25°C. All variants used are described by Lindsley and Zimm (1992) , except when stated in the text. The generation and identification of the lio 1 and lio 2 mutations have been previously described (Dura et al., 1993 (Dura et al., , 1995 . The drl
, and a second chromosome insertion UAS-drl, which contains a RTK cDNA fused to the GAL4-specific UAS promoter (called here UAS-RTK), are described in Callahan et al. (1995 Callahan et al. ( , 1996 . The P[GAL4] lines c739 and 201Y are described in Yang et al. (1995) , and the P[GAL4] line 7B in Ferveur et al. (1995) . The GAL4 expression pattern in the c739 and 201Y lines is visualized as b-galactosidase or GFP expression patterns in the progeny of crosses between each P[GAL4] line and UAS-lacZ or UAS-GFP S65T line (Ito et al., 1997) 
P replacement
Replacement of the internal sequences of one P element by the sequences of another P element after targeted transposition has been described previously (Gloor et al., 1991; Gonzy-Treboul et al., 1995 PGawB is a GAL4-bearing P element described in Brand and Perrimon (1993) . lio exc8 is a w − derivative of lio 1 with intact P sequences (Dura et al., 1993 and data not shown) and the D2-3 chromosome contains a stably integrated source of P transposase (Robertson et al., 1988) . This P replacement will be described in more detail elsewhere.
The 
Genetic background, modifiers and outcrossing
Structural brain mutant strains tend to revert toward wildtype over a certain period of time (from a few generations to several years). Mutant gene expression appears to be partially compensated by the gradual accumulation of genetic modifiers (De Belle and Heisenberg, 1996) . Similarly, the expressivity and penetrance of lio mutants are strongly influenced by genetic modifiers. Brain structure of lio 1 homozygous mutants reverts toward wild-type over a few generations: regular outcrossing is necessary to maintain the lio 1 anatomical defects. This could explain why no brain defect was found in lio 1 mutants in the study of Bolwig et al. (1995) . The null allele lio 2 , whose phenotype is stronger and more penetrant, is less sensitive to the genetic modifiers. However, the lio 2 mutant line, when left homozygous for a longer period of time (about 1 year), drifts toward a less severe phenotype. For instance, the overall aspect of the MB is less affected: the fusion of the b lobes is still observed for all individuals, but they appear less deformed and thickened; the g lobe and a′ lobe phenotypes, which are less penetrant and more sensitive to genetic background than the a and b lobe phenotypes, is observed less often. As has been observed with other brain mutants, the MB display a higher degree of structural variability than the CX (De Belle and Heisenberg, 1996) , but some drift also occurs for the lio mutant CX phenotype.
These observations dictated careful control of the genetic backgrounds for the histological experiments. The genetic background of all lines used in this study was the same as that of the wild-type (Canton-S) strain. All strains except lio 2 carry the mw + eye color marker and so heterozygous females for a P[mw + ] were outcrossed six times to w(C-S10) males. The w(C-S10) strain was derived by backcrossing w 1118 flies to wild-type (Canton-S) flies for ten generations (Dura et al., 1993) . lio 2 females were then outcrossed six times to freshly outcrossed lio 1 males. We took additional precautions: strains bearing a lio or drl mutation were kept on the CyO second chromosome balancer, derived from a 'cantonized' CyO/Sp balancer strain, and when necessary, homozygous flies were bred before histological experiments. As far as possible, brain anatomy was observed on the progeny of a cross between two strains, instead of looking directly at the mutant stock, in order to minimize the influence of genetic modifiers.
Histology
To observe adult brain anatomy of flies, paraffin sections were prepared using a procedure adapted from Heisenberg and Böhl (1979) : flies were placed in mass histology collars, fixed in Carnoy's solution (60% ethanol, 30% chloroform, 10% acetic acid) for 4 h at 4°C, and dehydrated in ethanol. Brains were then treated with butanol for 12 h, incubated in 1:1 butanol/low melting paraffin followed by six 30-min incubations with pure paraffin, and finally embedded in paraffin. Heads were cut in 7-mm serial frontal sections, deparaffinized in toluene or xylene baths, and mounted in Eukitt. The frontal sections were inspected visually under a Leica fluorescence microscope (at 200× magnification).
Analysis of histological data
In order to compare the brain structure of different genotypes, frontal paraffin head sections were performed. From observations of these head sections, it appeared that, for any given genotype, the brain phenotype varies from one individual to another. On the basis of careful observations and analyses of these brain sections, we chose clear qualitative criteria to establish different classes of defect strengths at the level of the MB and the CX. Hence, for each genotype, brain defects can be described in terms of a particular distribution of brains or brain sections within three classes of defect: a no defect class (+), an intermediate class (±) and a strong defect class (−) (see Fig. 3 ).
Several remarks can be made:
1. The comparison of the MB defect strength is based on the b lobe fusion phenotype (Fig. 3) . Subtler defects, like the a lobe or g lobe phenotypes, were not included: first, the strengths of these defects are correlated with the strength of the b lobe phenotype and second, they are uneasy to describe with frontal paraffin sections. The b lobe fusion phenotype is also observed in a small percentage of wild-type flies (less than 1%). 2. The criteria we chose for the CX defect apply to each brain section through the fan-shaped body. There are about three sections through the fan-shaped body per brain posterior to the ellipsoid body and these can display quite different phenotypes. A given brain is thus described by the distribution of these sections in the three different classes. 3. For each allele of lio mutations, the class distributions obtained for the CX and the MB phenotypes are slightly different. But comparisons of the different genotypes lead to the same ordered allelic series for both CX and MB phenotypes. 4. Analysis of the brain phenotype of different strains carrying the lio 1 mutation can result in slightly different distributions. This is due to the fact that the expression of the lio 1 mutation is affected by the genetic background.
Numbers of brains analyzed for MB phenotype (n) and brain sections for CX phenotype (p): 
X-Gal staining of tissues and GFP visualization
Expression of the GAL4 reporter gene was revealed by GAL4-directed b-galactosidase expression or GFP fluorescence. b-Galactosidase activity is readily detected as a blue stain produced by conversion of the chromogenic substrate X-gal.
For b-galactosidase histology, whole-mount adult brains were dissected in phosphate-buffered saline (PBS) or frontal cryostat sections (10 mm) of adult heads were performed. Both whole-mount brains and brain sections (10 mm) were fixed for 15 min in a PBS solution containing 1% glutaraldehyde. After washing in PBS (twice for 15 min each), they were stained in the dark for 10 min to 1 h at 37°C in a moist container. The staining solution was 0,2% X-Gal (diluted from an 4% stock solution in dimethylformamide) in a prewarmed FeNaP buffer (7 mM NaH 2 PO 4 ⋅H 2 O, 3 mM Na 2 H-PO 4 ⋅2H 2 O, 130 mM NaCl, 1 mM MgCl 2 , 4 mM K 4 (Fe 2 + CN) 6 , 4 mM K 3 (Fe 3 + CN) 6 , 0.3% Triton X-100 (pH 7.8)). The staining solution was made fresh each day and kept in the dark. After staining, the sections were washed in PBS for 10 min, and then mounted in glycerol/H 2 O (90%). Sections were photographed on a Leica microscope at 200× magnification.
For GFP visualization, heads were dissected in PBS, fixed in 4% paraformaldehyde solution and mounted in glycerol or Vectashield without any staining procedure.
Molecular biology
P elements in the linotte gene were localized by DNA sequencing of PCR products. PCR was performed in 10 ml volumes on Drosophila genomic DNA samples extracted by the simple single-fly procedure (Gloor and Engels, 1992) . Denaturation, annealing and extension were at 94°C, 58°C and 72°C, respectively, for 30 s each, for 30 cycles. All amplifications used Dynazyme II DNA polymerase (Finnzymes). Primers were: #11 agttttaactgcagttcggc; #17 cgaattaatttgggaagtttgtggg; KP5′3′ atacttcggtaagcttcggctatcgacg; KP3′3′ ctcgcacttattgcaagcatacgttaagtggatg. Pairs of primers #11-KP5′3′ and #17-KP3′3′ amplified the flanking DNA on the 5′ end and 3′ end, respectively, of the lio 1 and drl P P element insertions. Five ml of each PCR sample was then electrophoresed on agarose gels at a concentration determined by the expected size of the DNA fragments. As PCR products migrated as a single band of the expected size, the remaining 4 ml of PCR samples was re-amplified in 40-ml volumes in the same conditions as previously described using the same pairs of primers. The PCR products were then submitted to DNA sequencing by the dye termination method using a Perkin Elmer automatic sequencer according to the manufacturer's instructions with an internal primer in the P element inverted repeats: Pir gacgggaccaccttatgt.
